Introduction
High-k materials are promising alternative to SiO 2 dielectrics in MOSFET gate stacks for sub-90-nm nodes. There are a number of problems in the high-k gate stack technology. The wet etching is one of the problems in the device fabrication steps, since crystallization makes resistant to wet etching with a conventional DHF solution as illustrated in Fig. 1 . In the case of Al 2 O 3 , phosphoric acid (H 3 PO 4 ) is known as a good etchant [1] [2] [3] , but a drastic difference of etch rate between as-deposited and crystallized films has not been understood well.
This paper examines the temperature dependence of etch rates for as-deposited and annealed Al 2 O 3 to elucidate the origins of this difference. We also report on the wet etching characteristics of Hf x Al 1-x O y .
Etching of ALD-Al 2 O 3 in phosphoric acid
A thick (35nm) Al 2 O 3 film was grown on Si(100) by atomic layer deposition (ALD). A deposited film was annealed for 1 min at 1000ºC in 0.01% O 2 (Ar balance). Samples were etched using the setup shown in Fig. 2 
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pp. 516-517 limited [6] . Etch rate of the as-deposited and annealed can be described as, , respectively. Since the coefficients of Arrhenius equation are identical, we can conclude that the origin of the differences in etch rates is different activation energies for surface reactions.
Etching of ALD-HfAlO x in phosphoric acid
Hf x Al 1-x O y films (15nm-20nm) with different compositions were grown on Si(100) by changing the relative number of Al and Hf precursor pulses during ALD. The samples were also annealed for 1 min at 1000ºC in 0.01% O 2 . A refractive index, depending on the composition of the alloy, between 1.77 and 2.0 was used for thickness measurement of the Hf x Al 1-x O y . As-deposited Hf x Al 1-x O y films were etched in 85% H 3 PO 4 at 40ºC while annealed films were etched in 103.5% H 3 PO 4 at 177ºC. As shown in Fig. 4 , etch rates of as-deposited samples varied nonlinearly with composition.
To examine the effect of wet etching on surface morphology, etching was intentionally stopped after 40-60% of the film was removed. Using atomic force microscopy (AFM), the as-deposited film was found to yield a relatively uniform surface having a RMS value of 0.36nm (Fig. 5a ) while the annealed sample (x=0.6) resulted in a much rougher surface having a RMS value of 3.7 nm (Fig.  5b) , presumably due to the result of crystallization and phase separation. Although the thickness is difficult to define for rough surfaces by the ellipsometry, the apparent etch rates of the annealed films (x=0.2-0.6) were nonetheless found to be essentially the same as that of annealed Al 2 O 3 (not shown) up to the depth of at least 40-60%. The faster etching of Al 2 O 3 grains may roughen the surface at the first stage, possibly followed by removing remaining HfO 2 grains like a local lift-off process.
If the etch rate of as-deposited HfO 2 is independent of that of Al 2 O 3 and the films consist of multilayer stacks as shown in the inset of Fig. 4 , a dashed curve would result. However, our observations show that this is clearly not the case. On a molecular level, not only nearest but also second and third nearest neighbors may affect the etching, because a single layer Hf incorporation should drastically loosen the etch rate. An etchant molecule may need to distort molecular bonds to remove the film atoms from the surface. If the surface structure is rigid such as that in a crystalline structure, the etch process needs additional energy to create this distortion. This consideration may also explain the etch rate difference between as-deposited and annealed Al 2 O 3 samples.
Conclusions
Etch process activation energies for both as-deposited and annealed ALD-Al 2 O 3 in 102.5% H 3 PO 4 were estimated. It was found that the etch rates were described as a typical activation type. Since the coefficients are identical, the origin of differences in etch rates is different activation energies for the two films. Etch rates of ALD-HfAlOx films with different compositions in H 3 PO 4 were also measured and found to exhibit a nonlinear dependence on composition, which was much faster than expected. Thus, we conclude that the etch rate difference is strongly affected by the bonding strength of the nearest neighbor but that of the second or third nearest ones. 
